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We have measured the response of chromium-doped alumina screens to vacuum ultraviolet radiation
and derived quantum efficiency curves for the energy range from 30 to 300 eV. A model is presented
to explain the structure in this curve. In addition, the radiation hardness of such screens, which have
found application as narrow-band radiation detectors for a hot fusion plasma diagnostic, is reported
here for MeV electrons. Finally, a simple model is constructed to obtain the carrier diffusion length
and the bulk efficiency of this material. @002 American Institute of Physics.
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I. INTRODUCTION totype model, tests were made with both P-46 angDAICr
. screens. It is now proposed to upgrade this camera by incor-
Several decades of research on ceramic phosphors § brop b9 y

CERN and at other laboratories has led to the almost excl porating either multiple thin-foil filter wheels or a multilayer

. . . ) 4 mirror to allow narrow-band radiation to be selected. It is
sive use of doped alumina ceramic screens, i.6Q4Lr", .
. X therefore necessary to characterize the spectral response of
for accelerator beam observatibnin particular, these

. . . Al,O5:Cr acr he VUV an X-ray ran it is ex-
screens are compatible with ultrahigh vacuum systems, the 20:Cr across the VUV and soft x-ray range as it is e

exhibit good response linearity, and their radiation resistancéeded to be nonlinear due to surface and absorption effects,
is high. For example, in tests made at CERN, screens have
withstood integrated relativistic proton fluxes of up to?410
protons cm?2.! These levels are a factor 10°~10* higher

than those for standard phosph&fsin addition, tests made From the data, we attempt to identify features present in the

on polycrystalline AJO5:Cr with He' ions accelerated to o
. . . excitation spectrum, and we produce curves of the quantum
200 keV showed a 50% decrease in radioluminescence far.,. . T - ) .
g T efficiency and intrinsic efficiency of this luminescent mate-
total doses above 1® cm 2.4 This, as well as their immu-

: o rial. We also present measurements from a small region of
nity to electromagnetic interference and ground loops, as

: : . ) one screen that had been previously irradiated with electrons
well as their compactneg®nly a thin screen is requirgd : . 1 5
) ) . atintegrated fluency of approximatelyI@lectrons cm? at
make them especially suited for use as broadband radiatio . .
.8 MeV in order to extend the knowledge on the lumines-

detectors in the harsh environments encountered in plasma o . . . . _
: : cent radiation limits of this material. Finally, using a simple
fusion devices.

: : : .model we determine the diffusion coefficient length and the
In previous articles we characterized the response of thip

screens of the phosphors;Ms0,,:Ce and ¥%O;:Eu (also light yield for this material.
known as P-46 and P-22, respectivelysing synchrotron

radiation between 13.8 and 620 eV and the relative responde EXPERIMENTAL SETUP
of Al,O3:Cr and other luminescent materials to broadband

vacuum ultraviole{VUV) radiation(15—80 eV} and to hard screens,Chromox-6 were obtained from Morgan Matroc
x rays (5-50 keV.* The work was motivated by their ap- |~ East Molesey, England. The screens selected are
plication as radiation monitors for the TJ-II fusion plasmaq_m thick, they have a density of 3.96 g ¢ia grain size
stellarator devic&.More recently, a high-spatial resolution of 3 to 5 um, and the alumina was doped with 0.5% chrome

detection system incorporating a thin phosphor screen OPeLesquioxide. The principal luminescence of Cin Al,O,
ating in reflection mode has been developed to obtain VUV,

s _ o consists of two sharp linegenerally called theR lines),
and soft x-ray radiation profiles of hot plasmals the pro-  \yhich arise from transitions from the lowest-excited state

(°E) to the“A, ground state of Gf. At room temperature,
dElectronic mail: kieran.mccarthy@ciemat.es these lines occur at 692.9 and 694.3 nm and have a stated

In this article, we present measurements made using syn-
chrotron radiation on thin AD;:Cr screens(1-mm thick
over the energy range from 36 to 280 €¥4.2—4.4 nm

For this work, 46-mm-diameter chrome-doped alumina
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FIG. 2. A schematic diagram of the experimental setup at the NIST/DARPA

FIG. 1. The emission spectrum of a chrome-doped alumina screen irradiatddUV Reflectometry Facility showing the relative positions of the sample

by 1.8 MeV electrons from the HVEC facilitisee Sec. )L and radiation detectors as well as the incidexy) (and emitted light(\)
directions. The screen is displaced to illuminate the incident diode for cali-
bration purposes. A small fraction of the incident beam is diverted to the
monitor diode.

decay time of 3.4 m&! Note that this decay time is relatively

short compared to the plasma duration in modern fusion der— moved from th mple chamber it was identifiable for

vices. Although, additional strong lines may appear with in_fﬁtu?e festir? b aesstginlliaki ; aeaance oil‘sits surfaie el

creased G concentrations, th&® emission lines dominate 9 by PP '

for the 0.5% chrome sesquioxide samples and hence are the

only emissions considered for analysis. See Fig. 1. In thi¢ll. RESULTS AND ANALYSIS

work, efficiencies are measured in reflection mode only, i.e.,

. ) . . For each beam-line grating, an energy calibration was
the light emerging from the illuminated face of the screen, aE 9 9 9y

erformed prior to scanning by sequentially placing a set of
oil filters in the incident beam and scanning across one or
¥nore absorption edges. An AXUV-108&monitor diode
was used for this. See Figs. 2 and 3. An energy calibration
was made and the offset corrected for by locating Kher
-absorption edges in the filters and making a low-order
cé;olynomial fit. Once completed, the screen was displaced

as dﬁﬁcrgﬁgi Ia:fr' measurements were performed at SURILmO the beam and a linear scan across the surface was made
N ency measure S pe © at a single energy in order to locate the maximum light out-

.”I on th_e NI.ST/DARI.DA EUV. Reflectometry Famht’yﬁ’: This put. In general, this was a narrow plateau. Next, the sample
is a varied-line-spacing grating monochromator with a 600-

1 . : _ was scanned in small energy steps over the entire energy
mm~? grating working from 35 to 110 eV and a 1500 mn . L
gratinggworkgi]ng fromg 100 to 300 eV. The resolution varies range of the selected grating. At each step, the incident beam

. energy, the visible diode photocurrent, and the stored beam
from 0.02 to 0.07 nm and the throughput is”1§ * at 95 eV.
Thin foil filters (500 nm of C, 500 nm of B, 1000 nm of Be, current were recorded. Once completed, the energy scan was

and 500 nm of Al provide rejection of multiple grating or- repeated with the sample removed from the beam and the

q d ttered liaht. The filter ab i d I incident diode photocurrent was stored. Also, background
ers and scattered ight. 1he Ter absorplion dges alSo Prog . oo rements were taken with no incident beam present.
vide wavelength calibration. The incident extreme ultraviolet

(EUV) flux is measured using a calibrated EUV-sensitive

the experimental setup did not permit the transmission mod
to be studied. However, the efficiency for transmission mod
can be approximated empirically &romox-6screens are
translucent, having an attenuation coefficiant0.8+0.1
mm~?! at the principal fluorescence wavelengthBor this
work, two samples were studied, one of which was irradiate

photodiode, while the emitted visible radiation was measured Al,O5:Cr
with a visible-sensitive photodiode. Normalization of the in-
cident radiation was performed by monitoring the throughput 26.5 mm Aperture
of a second exit sIit® _
Prior to characterization at SURF IIl, one ,/8;:Cr \ S$1337 Diode
screen was irradiated in a chamber mounted on the beam line A =694 nm /
of the HVEC 2 MeV Van de Graaff electron accelerator lo- :: a;‘
#

cated at CIEMAT:* The chamber permits irradiation to be
performed under high vacuum<(10"® mbap as well asin

situ optical emission spectra in the range of 200 to 800 nm to
be collected. See Fig. 1. The &;:Cr sample was mounted

Aluminium Support

on a water-cooled support set at 45° to the electron beam. It Incident Beam

was irradiated fo5 h at 30 °Cwith 1.8 MeV electrons at a

beam current 0f-0.75 uA cm™2. The resultant ionizing and

displacement dose rates were approximately 700 Gyad |< >|
1010 displacements per atom per secddga s 1), respec- 49 mm

tively, and the total in_tegr‘?‘ted flux received was8.4 [, 3. Aschematic diagram showing the alumina screen, the visible diode,
X 10'® cm™2. The area irradiated was0.5 cnf and when  and the visible light collection geometry.
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Finally, the irradiated region of the first sample was located
by performing a linear scan about its predicted position. A
drop in output signal over an extended area identified this
area.

Several steps were required when postprocessing the
data in order to obtain quantum efficiency curves. First, the
incident photon flux was estimated from the measured pho-
tocurrent at each energy step using the sensitivity curve
(A/W) for the EUV-sensitive AXUV-100G photodiode.
Second, the luminescence photon flux was determined from
the Hamamatsu S1337-1010BRisible diode signals using
the quoted photosensitivityA/W) at the peak emission
wavelength'® In all cases, the background wa®.1% of the
signal. Then, from the screen/visible diode geometry and by
assuming a Lambertian falloff in light intensity as a function
of angle to the surface normal, the integrated light flux emit-
ted over 2r steradian from the screen was determined. As the
screen to detector separation was relatively sgraio mm),
the beam spot are&~20 mnt when above~105 eV and
~10 mnt otherwisé constituted an extended source. Hence,
the fractional solid angle to the detector was obtained using
equations described in Tsoulfanitfior disk sources which A T
result in a fixed error of~1% for absolute measurements. ' 80 100 120 140 160
The efficiency(number of visible photons emitted from the Incident Photon Energy (eV)
front surface per incident VUV photpras a function of
wavelength could then be determined. Also, the estimatef!C- 4 (@ The quantum efficiencyQE) of the Al,O5:Cr screen for the

. . . reflection mode of operation. Shown here are the QE curves for two chrome-
uncertainty in the measurementsisl7% for the absolute doped alumina samples, the irradiated section of Sample #1, and the best-fit
and +2.5% for relative values. The largest absolute errorof the one-dimensional modébroken ling. (b) As (a) but for a reduced
occurs in the responsivity of the S1337 photodiodtd 5%,  energy range.
while the largest contribution to relative error arises from the
variations in the measured visible light output 1%). Fi-
nally, splicing together data from overlapping energy range
created the quantum efficiency curves.
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én efficiency is seen above thg edge of oxygertat 41.6 eV
in its natural form while a small drop in efficiency is seen
above 124.5 eV, i.e., the chemically shifted I edge(at

Curves of quantum efficiency for reflection mode are S .
plotted in Fig. 4a). Here, ALO;:Cr exhibits an almost linear 117'? ev in its n'atural fo”’.” This may be expec.ted,. as .the
relative change in absorption across theedge is signifi-

variation with energy. Nonetheless, this curve exhibits sig—Cantl less than that across the edge
nificant structures between78 and 130 eV. See Fig.(1). Ir31/ this section. we aopl gthe gsir.n le one-dimensional
We attribute the sharp drop in efficiency that occurs just ' PPy P

; 21
above 78 eV, and the features that extend for several tens E?.Odel developed by Beniteat al,™ for phosphor screens,

. . with some modifications based on the model developed by
electron volts above it, to the aluminulny edge and related . 29 . R
) . acieroet al,““ to model our efficiency curves. For this it is
extended x-ray absorption fine structures. The edge at 78.% : . o ;

. ) . assumed that the luminescence intensity is proportional to
eV is shifted up by~5.85 eV with respect to the Al; edge . .
o g . . . the number of band electron-hole pairs created, that carrier
in its natural form. This is due to chemical bonding which ... o . . .

: . i L lifetime is independent of this number, and that carrier mi-
gives rise to a change of electron configuration in the valence
shells, which in turn influences the inner energy lev@lgs
location is in good agreement with the value of 78.6 eV 1 e
reported for high-resolution absorption spectra of bulk amor-
phous AbOs.1° Furthermore, the features seen above this
edge, and their locations, reflect the features seen in the ab-
sorption spectra of bulk amorphous,®; measured by Bry-
tov and RomashchenK8.In particular, the drop in lumines-
cence efficiency above 93 eV, which bottoms out-&09 eV,
reflects the increase in absorption coefficient at these ener- L) ]
gies. See Fig. 5. Also, extending for several electron volts U . . . . . ]
above~105.4 eV, the efficiency curves have a contribution 75 80 85 90 95 100 105
because of a drop in the sensitivity of the AXUV incident Incident Photon Energy (eV)
photodlode.above the chemically S.hlfl'i-:'gi edge of SI!ICoriL_ FIG. 5. A comparison of the normalized optical density of amorphoy®Al
T_he effect is seen on the AXUV incident phc_;todlode SCanyy Brytov and Romashchenkolashed lingwith that determined from the
signals but could not be fully removed here. Finally, no dropluminescence datécontinuous ling

0.8 |
0.6
0.4 [

0.2 |

Optical Density (arb. units)

Downloaded 22 Nov 2002 to 129.6.189.50. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japol/japcr.jsp



6544 J. Appl. Phys., Vol. 92, No. 11, 1 December 2002 McCarthy et al.

gration is a diffusion process with ambipolar diffusion lengthwherel, and | are the output intensities before and after
L. Since the reflection coefficient of amorphous®@{ is low  sample irradiation with the total fluX, andN, is the flux

in this spectral rang€<0.1% according to Zhurakovskii that reduces the intensity output to half the original. Apply-
et al?®) we ignore its effects here. The resultant equation foiing this equation for incident VUV radiation between 30 and

efficiency is 300 eV, theN,,, of Al,03:Cris ~2.5x 10" cm™! for MeV
electrons. This is several orders of magnitude lower than that
noEim! (1 1 1 T quoted for fast particle applications, i.e.,’i@roton cm2.?
QE= E, §+ 1+p/L) 1+57? fo exp While some shielding may be required for VUV applications

in high-radiation environments, the smaller reduction in the
(—pit)dt, oy luminescence output at higher-photon energies of Hg) 4
suggests that thHl,,, of this material for harder x rays will
where 7, is the energy emitted as photons per incident eleche considerably higher.
tron volt, E; andE, are incident and visible photon energies,
S is th? reduced surface recombination velocity; v CONCLUSIONS
= u;COS 10; wherey; is attenuation coefficient (1), andé
is the angle of incidence of the incident radiation, &igithe The reflection-mode luminescence efficiency of screens
depth into the sample of thickneFs Here, thew,; for Al,0,  ©Of the chrome-doped alumir@hromox-6has been measured
were determined by interpolating between discrete values ed0r the energy range 36 to 280 eV. A simple model has been
timated from the weighteg of Al and O of Henke, Gullik-  fitted to the curves to obtain the intrinsic efficiency of this
son, and Davig* except between 75 and 120 eV, where theyMaterial, which was found to be similar to that of several
were determined from curves in Brytov and commonly used phosphor powders. The material also shows
Romashchenk® Now, recalling that the curves in Figs. 4 high resistance to radiation damage by MeV electrons, a
are for reflection mode, we obtain a best fit wif, S, andL ~ Property that makes it a possible candidate for use in radia-
equal to 0.025, 100 and 155 A. Note ti@cannot be deter- tion monitors in large-scale fusion devices where high-
mined very precisely here. The value foris of the same radiation levels occur.
order as values measured for rare-earth doped phosphors.
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